Spacecraft constellations are becoming a reality for NASA's Earth and Space science, with the first steps already under way in building the infrastructure and knowledge base required for their implementation. In this paper we provide updated information on nano/micro satellite constellation missions either within NASA's strategic plan or in the proposal stages. We will also present two examples of New Millennium Program technology missions that are today finding the solutions required to enable the constellations of the near and far-term future. Finally we will show what is being done in the area of Guidance, Navigation, and Control to facilitate the interconnectivity of constellations to act as single systems.
INTRODUCTION
Over the last several years, the NASA Goddard Space Flight Center has been formulating the first nano and micro-satellite constellations of the 21 st century. Specifically, the last couple of years have seen a number of significant events that advance the infrastructure and tools necessary to enable these types of missions. From the recent successful launch of the Earth Orbiter 1 (EO-1) spacecraft to the selection of the Space Technology 5 (ST5), NASA's first full-service micro-satellite constellation, advances are ontrack to support the next class of Earth and Space Science missions. The importance of satellite constellations for the advancement of both Earth and Space Science has been summarized in a number of papers in the past [1, 2] . With their flexibility and interoperability they are particularly well suited for international cooperation, offering an observational system that could tailor all measurement characteristics to the target of interest, to the intended data use, and to an evolving science understanding.
CONSTELLATIONS FOR EARTH SCIENCE
NASA's Earth Science Enterprise is dedicated to understanding the total Earth system and the effects of natural and human-induced changes on the global environment. These efforts are organized along "goals" emphasizing various Earth science objectives, including impact on society and the economy, and the search for advanced new technologies. The development and deployment of networks or constellations of spacecraft is a major technological goal for both the upcoming program seeking understanding (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) , and the future program capable of predicting changes of the Earth system (~2025) [3] . A range of distributed spacecraft architectures and technologies have been identified that include mini-to nano-satellite constellations used to dramatically increase global or temporal measurement coverage. Sensorwebs of numerous satellites of various sizes and sensor types in various orbital vantage points (LEO, GEO, L1/L2) are also being designed to achieve synergistic observations of the Earth [4] . Following are a few examples of constellation missions under planning or implementation.
Global Precipitation Measurement (GPM) Constellation
The GPM constellation is a joint US/Japan collaboration which will determine global rainfall distribution with much improved temporal sampling compared to contemporary systems (e.g. Tropical Rainfall Measuring Mission). It will provide significant progress toward a quantitative knowledge of the water cycle. To achieve the necessary revisit time and latitude coverage a constellation of at least nine satellites is envisioned. The reference constellation consists of up to eight mini-satellites carrying lightweight passive microwave radiometers in several circular polar orbits (~600 km altitude), with a precipitation radar satellite flying in a lower altitude (~400km) circular orbit with moderate inclination, and used to provide rain rate training. The GPM constellation features a substantial level of operational autonomy and a data collection architecture that can be sustained and augmented at reduced cost [5] .
Leonardo-BRDF
Leonardo-BRDF is a satellite system designed to measure the Bidirectional Reflectance Distribution Function (BRDF), a measure of net radiation flux at the top of the atmosphere, one of the primary drivers of climate and global change. It uses a formation of highly coordinated and agile micro-satellites, all pointing at the same Earth targets simultaneously. The formation is composed of up to twelve spacecraft each equipped with a miniature imaging spectrometer. A number of advanced instrument and nanosatellite technology investments are producing enabling system and component-level technologies [6] .
GPS Occultation Constellation
The sounding of the Earth's atmosphere through atmospheric radio occultation is uniquely suited to architectures using networks or constellations of micro-satellites. Radio occultation measurements provide 3D profiles of a variety of atmospheric characteristics including temperature/geopotential height, humidity, and cloud liquid water content. These data have utility in advancing the knowledge of climate process and behavior, and in improving the performance of numerical weather models. A multiplicity of transmitters and receivers in various orbits are required to provide the large number of daily occultation soundings needed to yield appropriate horizontal sampling resolutions [7] . The Constellation Observing System for Meteorology Ionosphere and Climate (COSMIC), is a near term (~2004) joint US/Taiwan mission consisting of eight micro-satellites in separate 800 km circular orbits [8] . Future "Big LEO" arrays are envisioned with up to hundreds of nano-or micro-satellites capable of providing horizontal and temporal resolutions ultimately desired for initializing global weather models.
EARTH SCIENCE ENABLING MISSION UNDER IMPLEMENTATION: EO-1
The Earth Orbiter 1 (EO-1) is an example of a technology mission that is currently enabling the existence of future Earth Science constellations. EO-1 was successfully launched in November of 2000, carrying on-board a suite of Earth-observation instruments. The Advanced Land Imager (ALI) is a wide field of view imager that provides Landsat-like images with a higher signal-to-noise ratio and several additional spectral bands. In addition to higher performance than Landsat, ALI is smaller and less expensive. The low-cost, stable optics is a pushbroom design that does not require a scan mirror. Whereas the ALI provides multi-spectral images of the Earth, another instrument flown in EO-1 is Hyperion, a hyperspectral grating imager spectrometer. Of push-broom design, Hyperion images the Earth on a slit 30 meters long and 7.5 km wide along the orbital track. It is comprised of a single telescope, and a visible/near infrared and short-wave infrared spectrometers. Figure 1 shows recent images returned from the orbiting EO-1 spacecraft, with Washington DC (top-ALI), and a mountainous region in Argentina (bottom-Hyperion) shown.
In addition to instrumentation that represents an order of magnitude reduction in size and mass yet equivalent performance to its larger cousins (an essential ingredient for micro-satellites), EO-1 is also testing an Enhanced Formation Flying (EFF) technology. The EFF flight software is capable of autonomously planning, executing, and calibrating routine spacecraft maneuvers to maintain satellite constellations in their respective formations. The EFF will demonstrate the ability to fly over the Landsat-7 ground track within a +/-3km, while autonomously maintaining a one-minute separation during imaging.
CONSTELLATIONS FOR SPACE SCIENCE
NASA's Space Science Enterprise seeks to understand the origin, present state, and destiny of our solar system and the universe. These efforts are organized along the lines of "themes" each with a distinct science focus, approach, and technological needs. The development and deployment of networks or constellations of small spacecraft is a major technological goal of the Sun Earth Connection (SEC) Theme. This theme's primary goal is to understand the changing Sun and its effects on the solar system, life, and society [9] . Many future SEC missions involve flying constellations of small, inexpensive, highly autonomous spacecraft carrying miniaturized instruments to measure the high altitude plasma environments of the planets and interplanetary space. A network of 50 to 100 small spacecraft is required to measure the temporal and spatial development of geomagnetic storms and substorms in the Earth's nightside magnetosphere. In situ measurements of the local magnetic field, plasma properties, and energetic particle populations will allow images to be synthesized of the vector magnetic and velocity fields and regions of charged particle acceleration that form in response to large coronal mass ejections and interplanetary shock waves. The requirement of 50 to 100 spacecraft is based upon the need to obtain vector maps with a spatial resolution of 1 to 2 Earth radii or R e (i.e., 1 R e ~ 6400 km) at altitudes between 7 R e and 35 R e .
Global Ionosphere-Thermosphere-Mesosphere (ITM) Constellation.
The Global ITM constellation will determine the composition, structure, global circulation, chemistry, and dynamics of the upper atmosphere and ionosphere of this planet and the energy and momentum transfer from the solar wind above, and lower atmosphere below. To achieve the necessary local time and latitude resolution a network of 24 identical satellites is envisioned. These in situ measurements will reveal how ion-neutral collisions distribute energy and momentum throughout the Earth's ionosphere and thermosphere at all local times and latitudes. The constellation will be partitioned between circular 500 km altitude orbits and elliptical "dipping" orbits (i.e., 150 x 2000 km) both with equal longitudinal spacing.
SPACE SCIENCE ENABLING MISSION UNDER IMPLEMENTATION: ST5
The New Millennium Program's (NMP) Space Technology 5 (ST5) represents NASA's first experiment in the design of a micro-satellite constellation. Currently in its preliminary design stage, ST5 will fly and validate eight new nano/micro-spacecraft NMP technologies including a miniature cold gas thruster, Xband transponder, flexible interconnects, variable-emissivity coatings, rechargeable lithium-ion battery, constellation communications and navigation transceiver, and ultra low-power logic. System integration, although not a NMP technology per se, is a fundamental element in the validation of the spacecraft as a science-class platform. In particular, a tight magnetic requirement coupled with a reduced spacecraft size necessitates careful integration and a judicious choice of architecture. The integration of resources and reduction in the number of physical interfaces also become essential with reduced size; ST5 features a common electronics enclosure that is also integral to the spacecraft structure. The ground segment will include a software package specifically tailored for the management of satellite constellations. It will be capable of autonomously scheduling contact times, computing spacecraft orbits, and resolving conflicts for a large constellation. Figure 2 shows the ST5 spacecraft and associated technologies. Although technologies on-board ST5 have a broad range of applicability for both Earth and Space Science missions, its unique magnetic requirements and validation instrumentation makes it specially suited for enabling future Space Science mission such as those outlined in Section 4.0. Spacecraft constellations will range in complexity and connectivity depending on their charter. Whereas individual spacecraft rely on internal components and sensors to carry out their mission, a constellation on the other hand is a distributed system that acts as a single spacecraft. In this sense, constellations constitute webs of formation flying, guidance, navigation, and control (GN&C) elements intertwined with advanced remote sensors. For some missions, this has led to more stringent requirements in the actuation, sensing, and control elements of the spacecraft, and has levied some new requirements for inter-satellite communications and ranging. Missions such as the Laser Interferometer Space Antenna (LISA) require very fine inputs, achievable by low-thrust propulsion systems such as Field-Emission Electric Propulsion (FEEP) thrusters (range between 0.1 -100 µ-Newton). Spacecraft navigation systems must in some cases draw their information from science sensors themselves in order to achieve nano-tolerance measurements.
Either "real-scene wavefront sensing" or interferometric techniques may be used to this effect. Missions with less stringent formation-keeping requirements on the other hand, are looking to expand the capabilities of low-cost means of navigation, such as those based on GPS technology. NASA, the Air Force Research Laboratory (AFRL), and organizations throughout the United States are spending significant resources in the overall design of constellations that seek to minimize the fuel required to maintain a particular formation. Advanced formation feedback control strategies are being developed with focus on relative phasing control optimization, maneuverability, and constellation reconfiguration. As an offshoot of constellation design, the overall GN&C has now become more of a systems-oriented activity. No longer can Guidance, Navigation, and Control be thought as independent subsets of a disciplined engineering area. In many of the upcoming missions the orbital corrections must be performed numerous times per orbit (or second in some cases) in order to maintain a virtual spacecraft configuration, necessitating a fully integrated, more robust, and more autonomous GN&C architecture.
CONCLUSIONS
NASA is steadfastly advancing toward the realization of satellite constellation missions capable of providing unparalleled insight into the Earth and Space environment. With nano/micro-satellite constellations planned within NASA's strategic enterprises and elsewhere in the proposal stages, the world will see exciting new missions coming to life in the near future. Already steps are being taken and technology missions being formulated and implemented to help on this respect. Missions such as EO-1 and ST-5 are providing the infrastructure and solutions necessary for successful science implementations. Formation flying and sensorwebs have recently become icon terms representing connectivity between constellations, and their ability to gather information at a scale unmatched by any previous missions. The seeds are planted, the soil fertilized. Now we wait and see the wonders that develop.
